The morphology and structure of sexithiophene deposited on KCl (100) substrates was investigated by scanning force microscopy and specular X-ray diffraction measurements. Two different needle-like structures with {010} and {4̅ 11} contact planes have been observed as well as islands of almost upright standing sexithiophene molecules with a {100} contact plane. Furthermore an azimuthal alignment of all three crystal orientations was observed by X-ray diffraction pole figure measurements, and the growth directions reflect the 4-fold rotational symmetry of the substrate surface. In addition the analysis of crystals with {4̅ 11} and {100} contact planes unveiled that they share a common crystallographic direction which is explained by ledge directed epitaxy.
■ INTRODUCTION
In recent years a lot of effort has been undertaken in order to prepare and investigate ordered structures of π-conjugated organic molecules on nanoscopic and mesoscopic scales. The interest of both fundamental and applied science was mainly driven by the goal to understand and improve the properties of materials used for organic electronics (e.g., light emitting diodes, 1−3 field effect transistors 4−6 and solar cells 7, 8 ) and to establish novel systems for optical applications (e.g., waveguiding and lasing 9−13 ). Frequently small rodlike molecules like oligothiophenes, oligoacenes and oligophenylenes have been selected as model systems. In the group of oligothiophenes sexithiophene (6T) has shown interesting high quality properties like a charge carrier mobility of up to 0.1 cm 2 /(V s). 14, 15 Consequently there has been an interest in understanding the growth mechanism of such molecules on welldefined model substrates like single crystalline Cu, 16 sheet silicates 17 or patterned SiO 2 . 18 The study in this paper aims at providing a conclusive picture of the formation of 6T nanostructures by an in-depth analysis of the growth on an alkali-halide single crystal, namely potassium chloride (KCl).
■ EXPERIMENTAL PROCEDURES KCl Substrate. Freshly cleaved KCl has been used as a substrate for our epitaxial studies. KCl exhibits a face centered cubic crystal structure with a lattice constant of 6.36 Å. 19 The unit cell of the (100) surface can be described by the 2D-space group p4mm as shown in Figure 1 . Importantly, this high symmetry surface exhibits rotation centers of order 2 and 4 as well as mirror and gliding planes. It is expected that the symmetry of the substrate will be reflected in the multiplicity of epitaxial alignments of the deposited molecules. 20 Sample Preparation. The hot wall epitaxy (HWE) technique was applied for the deposition of the organic material, which allows the growth process to be performed close to thermodynamic equilibrium, and in further consequence relatively high vapor pressure of the organic deposit in the substrate region can be achieved. Therefore the requirements concerning vacuum conditions are reduced as compared to, e.g., molecular beam epitaxy. 21 The source material 6T was purified twice by thermal sublimation before filling it into the quartz tube of the HWE reactor. KCl substrates were transferred into the deposition chamber via a load lock and subsequently preheated at the deposition temperature (60−135°C) for 30 min to clean the surface from adsorbed species and to ensure a stable temperature during the whole deposition process. The deposition was performed thereafter under a base pressure of 9 × 10 −6 mbar at a nominal deposition rate of 0.4 nm/min. X-ray Diffraction. X-ray diffraction (XRD) measurements were carried out on a Philips X'pert X-ray diffractometer using Cr Kα radiation (λ = 2.29 Å) and a secondary graphite monochromator. Specular scans were performed in Bragg−Brentano configuration by varying the z-component of the scattering vector q. Consequently it is possible to detect lattice planes which are parallel to the sample surface. X-ray diffraction pole figure measurements were performed in Schultz reflective geometry. 22 Pole figures are acquired by measuring at a constant length of q and only varying its direction. The Schmidt projection is used to map the poles.
Based on both the observed Bragg peaks of the specular scan and the direction of the poles (net-plane normals) within the pole figures, the involved crystallographic phases as well as the azimuthal alignment of the crystallites with respect to the substrate can be identified.
Simulations of XRD pole figures were performed by a custom-made software.
Morphological Investigation. Optical microscope images have been acquired by a Nikon Labophot 2A microscope in combination with a Nikon Type 115 digital camera.
Scanning force microscopy (SFM) studies of the deposited organic films were performed using a Digital Instruments Dimension 3100 in the tapping mode. The images have been acquired at scan speeds of 4−6 μm/s using SiC tips exhibiting a cone angle of 40°. Nominal values for resonance frequency and tip radius are 325 kHz and 10 nm respectively.
■ EXPERIMENTAL RESULTS
Morphological Investigation. Morphological investigations have been performed on a set of samples prepared by depositing 6T for 30 min at various substrate temperatures ranging from 60 to 135°C. On each sample an SFM image of the size of 10 × 10 μm 2 has been collected and analyzed. Figure 2 depicts three representative images, taken on films deposited at a substrate temperature of (a) 60°C, (b) 90°C and (c) 135°C. The images reveal different structures, namely, flat islands (visualized in green color) and needle-like structures (yellow and red). Qualitatively it is visible that the crosssectional area of the needles is increasing with increasing substrate temperature. For instance, the height of the needles is strongly increasing from ≈50 nm to maximum values of ≈400 nm. This finding is accompanied by a reduction in the number of the needles and additionally the number of islands is reducing with increasing substrate temperature as well. Furthermore, cleavage steps of different sizes are found on the surface. The biggest ones are in the order of 20 nm as visible in the bottom right corner of Figure 2a . The smallest size of cleavage steps is shown in profile b-2 of Figure 2 exhibiting a size of ≈4 Å, which fits well to a monolayer of the KCl substrate.
Taking a closer look at the cross section of the island depicted in profile b-3 of Figure 2 , we can clearly distinguish between different height levels and we observe a step height of 2.2 nm. The height of the layer can be explained, because it is close to the length of upright standing 6T molecules with their (100) facet parallel to the surface. A comparable observation has been reported for 6T deposited on muscovite mica. 23, 24 Consequently it is reasonable to assume that these islands are composed of upright standing molecules.
In the case of the needles, differences in height and crosssectional shape of the needles have been observed. For instance it was found that some needles have an asymmetric shape with one facet that is more steep than the other, as visible in the profile of Figure 2c . A similar finding was already reported in a previous work of our group, where 6T has been deposited on muscovite mica. 17 Therein it was unveiled by cross-sectional transmission electron microscopy, that structures appearing needle-like in SFM are in reality consisting of tilted lamellae. This discrepancy is caused by the fact that an SFM image is not only consisting of topographical features of the surface but it is rather obtained by a convolution of the shape of the tip and the surface. Consequently one observes a shadow effect in the case of a tilted entity.
These slight differences do not allow assignment of the morphologies to distinct crystallographic structures such as 6T crystals with a {4̅ 11} or a {010} contact plane, which have been reported for instance on Cu (010). 16 Therefore this issue will be clarified later on by XRD measurements.
Based on the previous findings we conducted a quantitative analysis of the SFM images. The projected surface area of both islands and needles with respect to the chosen surface temperature of the substrate has been determined. As depicted in Figure 3a we found that the reduction in the number of needles is compensated by the growth in width, giving an approximately constant value for the needle area of 14.6 ± 3.3 μm 2 . On the other hand a completely different behavior for the evolution of island area with varying substrate temperature was observed. In this case the area covered by the respective structures is declining with increasing substrate temperature. At 135°C we cannot find any island on the 10 × 10 μm 2 SFM scan. On a much larger image taken with an optical microscope we observe a few islands (see the Supporting Information). Nevertheless these structures are expected to vanish completely at even higher substrate temperatures.
We further determined average values for needle width and height for this sample series. In the case of needle width, the evaluation was performed by collecting the values from crosssectional profiles of a large set of needles and subsequently calculating average values. In the case of needle height, the total needle volume was computed and divided by their surface area, which gives an average needle height. Plotting both height and width of these structures in an Arrhenius type of diagram reveals an activated process for their formation as shown in Figure 3b . The activation energy for needle growth in height and width was found to be 0.26 ± 0.02 eV and 0.15 ± 0.04 eV respectively. Values in this range are expected as comparable numbers have been reported for the growth of p-hexaphenyl on muscovite mica (001). 25 It has to be stated that we determined activation energies ignoring the existence of different types of needles (different crystal contact planes are observed by XRD investigations presented in the next section). Nevertheless Figure 3b shows a clear Arrhenius behavior and not a superposition of curves with unequal slopes for different temperature regimes. One possible explanation for this observation would be a clear domination in quantity of one type of needle, but this can be excluded due to similar peak intensities found by X-ray analysis for both needle types. Therefore we conclude that similar activation energies for both types of needles are causing the observed thermally activated behavior.
Structural Investigation. SFM analysis already indicated different crystal orientations present on the KCl (100) surface. In order to identify them, XRD investigations have been performed on samples prepared at substrate temperatures of 90 and 135°C. Further a clean substrate was analyzed as a reference. As a first step specular scans have been carried out, which allows one to find crystallographic planes that are parallel to the substrate surface. The peak positions in the specular scans as shown in Figure 4 can be explained by a 6T low temperature phase. This phase exhibits a monoclinic unit cell (space group P2 1 /n) with the following parameters: a = 44.708 Å, b = 7.851 Å, c = 6.029 Å and β = 90.76°. 26 The peak located at q z = 0.99 Å −1 is originating from the KCl substrate, and the peak at q z = 1.60 Å −1 can be assigned to crystallites whose relationship to the KCl substrate can be described by a {010} contact plane. According to the nomenclature used by Koini et al. this crystal orientation will be labeled type A. 16 Furthermore, we observe peaks originating from 6T crystals oriented with their {100} net planes parallel to the substrate surface (type S). The respective series of 2n.00 peaks are indicated in Figure 4 . After analyzing the peak intensities of the 2n.00 series, we found that the peak at q z = 1.41 Å −1 is stronger than expected. Therefore we conclude that another crystallographic component is partly responsible for the high intensity of this peak. The reflection pattern of 6T crystals oriented with their {4̅ 11} net planes parallel to the substrate surface would explain this finding (type B). The presence of crystal type B will be confirmed later on by XRD pole figure measurements.
Crystallites of those three types have been reported before on various substrates: Crystals of type S consist of almost upright standing molecules forming flat island-like structures (e.g., on Cu (110), 16 muscovite mica 27 or SiO 2 28 ). Comparing the size of the (12.00) peak we can also observe that this structure is less present at higher substrate temperature, which verifies the results found by SFM. Type A is characterized by molecules with their long molecular axis (LMAs) parallel to the surface and has been reported to form needle-like structures on Cu (110) 16 and TiO 2 (110). 29 Crystallites of type B have been observed on Cu (110) 16 and muscovite mica (001). 17 Similar to type A they form anisotropic needle shaped structures consisting of almost flat lying molecules.
Azimuthal Alignment of Crystallites. To determine the preferential azimuthal alignment of the crystallites with respect to the substrate, we have performed pole figure investigations. Additionally these measurements allow one to definitely prove the existence of crystal type B on the samples. In Figure 5a Figure 5 , we were also able to detect the reflection peaks of the KCl {101} net planes. Consequently it is possible to determine the orientation of the crystals with respect to KCl.
Reflection spots originating from crystals of type S (indexed by rectangles) are only faintly visible in the measurements presented in Figure 5 . To confirm them more reliably pole figure measurements for the {120} and {011} net planes were performed (see Supporting Information). This data additionally substantiates the existence of crystal type S on the investigated sample.
To summarize the results obtained from pole figure measurements, we can conclude that the detected organic Real Space Model. Using the results from XRD measurements together with the knowledge of the orientation of the molecules relative to the crystallographic unit cell from single crystal solutions, 26 the real space orientation of the molecules relative to the KCl (100) surface is derived and presented in the following.
Crystals of type A are characterized by a long needle axis (LNA) along the [001̅ ] direction of the 6T crystal. This direction is determined by the intersection of the contact plane and the low energy surface which is always a facet along the LNA. In case of 6T it is known that the low energy surface is given by a (100) net plane. 26 One can find two symmetry equivalent crystals with (010) and (01̅ 0) contact planes, which is depicted in Figure 6a . Their LNAs are rotated by ±20.6°with respect to the KCl high symmetry directions ([001̅ ] KCl and [01̅ 0] KCl ) as depicted in Figure 6b . Since the angle between the LNA and the LMA ([001̅ ] 6T ) in a type A crystal is 68.6°, it is possible to calculate the orientation of the LMAs. The LMAs are rotated by ±42°with respect to [001] KCl and [010] KCl as shown in Figure 6c . Consequently the LMAs of the 6T molecules are almost parallel to [011] KCl and [011̅ ] KCl , which is very similar to the alignment found for p-hexaphenyl on KCl (100). p-Hexaphenyl molecules are oriented perfectly parallel to these high symmetry directions of the KCl substrate as reported by Haber et al. 30 As depicted in Figure 6d Figures 6c and 6f) , which represents a hint that this alignment is the initial adsorption direction of 6T on KCl.
Azimuthal alignment for island-like crystals of type S was also observed, and interestingly they share their [01̅ 1] direction with needles of type B, which is presented in detail in Figure 7 . In a side view it is visible that not only do the crystals share a common orientation on the substrate but the tilt angle of 112.7°of the LMAs in the island-like crystals of type S is perfectly fitting to the inclination of the (001) plane of the needles of type B. Most likely the islands nucleate on the sidewalls of already existing needles. Such epitaxial alignment based on a geometrical fit between nucleating crystallites and already existing topographic features on the substrate is called "ledge directed epitaxy". 31, 32 Optical Micrographs. Further investigations of the azimuthal alignment of the needle-like crystallites are presented in the following. Optical microscopy has been chosen for this purpose because it provides a better statistical resolution as compared to 10 × 10 μm 2 SFM images. In Figure 8a the image of the sample prepared at a substrate temperature of 105°C is depicted. We can clearly observe well ordered needle-like structures appearing mostly in dark and additionally more diffuse bright areas that are interpreted as flat islands as also observed in SFM images. Motivated by the existence of preferential needle orientations we performed an FFT analysis of these images (depicted in Figure 8b ).
As expected, the 4-fold symmetry of the KCl substrate is clearly reflected in the FFT pattern. We found two peaks in intensity located relatively close to each other, which we assign to the LNAs of crystal types A and B (compare Figures 6b and  6e ). Similar pictures have been obtained on all prepared samples irrespective of the used substrate temperatures (see the Supporting Information). Since we do not see any qualitative change in the needle-like structures if the substrate temperature is varied, it seems justified to generalize the conclusions which have been drawn from XRD analysis of the 90 and 135°C samples to the entire investigated temperature range. Comparison between 6P and 6T Thin Film Growth on KCl (100). As 6P and 6T molecules are structurally relatively similar, it seems interesting to compare the behavior of these molecules if they are deposited on KCl (100).
In this work, we observed both standing and flat lying 6T molecules. In the latter case we found two different crystal contact planes, namely, (010) and (4̅ 11). Similarly for 6P there are reports of standing molecules forming flat islands exhibiting a (001) contact plane, and there are three crystal types with almost flat lying molecules forming needle-like structures, namely, (111̅ ), (112̅ ) and (203̅ ). 33−35 If we compare the alignment of 6P and 6T molecules in the case of lying molecules, large similarities are observed. For 6T the LMA is oriented almost exactly along the [011] KCl directions, only showing ±3°azimuthal split with respect to the mentioned KCl high symmetry direction. Interestingly in the case of 6P it was reported that the molecules do align perfectly along [011] KCl . 30, 35 The only clear difference in the behavior of the two molecules on KCl (100) can be seen if we take a look at the evolution of the relative abundance of different crystal contact planes with respect to substrate temperature. In the case of 6T we do observe a decreasing surface coverage of islands (standing molecules) with increasing substrate temperature, which is accompanied by the increase in cross-sectional dimensions of needle-like structures (lying molecules). Such behavior is not reported for 6P, but in fact it is the opposite. Increased substrate temperature during growth tends to promote the formation of islands at the expense of needles covering the surface. Such behavior was observed both by SFM studies 34, 36 and by XRD analysis. 33, 35 ■ CONCLUSION AND DISCUSSION
In this paper we reported on epitaxial growth of 6T on KCl (100), which was examined by crystallographic and morphological investigations.
By means of SFM analysis different morphologies have been observed, namely, flat islands and needle-like objects. Furthermore, it was found that the area covered by islands is declining with increasing substrate temperature, whereas the sample area covered by needles is constant over the investigated temperature range (60−135°C). Consequently we can draw the conclusion that needle-like structures are energetically more stable as compared to flat islands formed of standing 6T molecules on KCl (100). Additionally, different activation energies for the growth of nanoneedles in height and width have been deduced from SFM analysis, namely, 0.26 ± 0.02 eV and 0.15 ± 0.04 eV, respectively.
By means of XRD specular scans it was possible to determine the contact planes of the structures on the surface. Needles with {010} and {4̅ 11} and islands with the {100} facet parallel to the substrate surface have been detected. Utilizing XRD pole figures and FFT analysis of optical microscope images we observed that there is a well-defined azimuthal alignment of the structures on the surface in addition to the stacking in growth direction. Notably structures with {100} and {4̅ 11} contact planes are in perfect azimuthal alignment to each other, which is explained by ledge directed epitaxy of the islands on the sidewalls of already existing needles.
The orientation of the crystallographic structures which are present on the substrate surface fulfills the growth model for rodlike molecules on sheet silicate substrates developed by Simbrunner et al. 20 Therein it is explained that the adsorption of a single molecule dominates in a first step and the nucleation of organic crystallites which follows thereafter only leads to a slight reorientation of the LMAs. Nevertheless substrate surface symmetry plays a major role. In particular rotational and mirror symmetries have to be reflected by the formed needle orientations. The latter considerations are substantiated by the results presented in this paper. The 4-fold rotational symmetry and the mirror symmetry of the KCl (100) substrate surface leads to eight distinct growth directions of each crystal type. Moreover two different crystal contact planes, namely, {010} and {4̅ 11}, are characterized by an analogous LMA orientation as similarly observed for p-hexaphenyl on KCl (100). 30 This hints that the adsorption geometry of single molecules seems to be decisive for the organic crystal nucleation as expected by the growth model. The fact that one adsorption geometry can lead to different crystal contact planes may be explained by polymorphs of the first monolayer, that are both based on the same azimuthal orientation of the LMA on the substrate surface. The argument is supported by the fact that monolayer polymorphs of 6T have already been reported on Ag (001) 37 and Ag (110). 38 Concluding the latter discussion it can be stated that the azimuthal alignment of the organic crystals and molecules is basically determined by a two step process. The initial phase is dominated by the adsorption of single molecules in their energetically preferred adsorption geometry on the substrate surface. This adsorption process is mainly determined by an interplay between substrate geometry, molecular geometry and importantly symmetry properties. In the second step, where the organic crystal nucleation takes place, only a slight azimuthal realignment of the molecules can be caused in order to optimize the lattice match at the interface.
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